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AngiogenesisCritical to the exchange and metabolic functions served by tissues like brain choroid plexi and lung is the
coherent development of an epithelial sheet of large surface area in tight apposition to an extensive vascular
bed. Here, we present functional experiments in the mouse demonstrating that Sonic hedgehog (Shh)
produced by hindbrain choroid plexus epithelium induces the extensive vascular outgrowths and vascular
surface area fundamental to choroid plexus functions, but does not induce the more specialized endothelial
cell features of fenestrations and bore size. Our ﬁndings indicate that these Shh-dependent vascular
elaborations occur even in the presence of Vegf and other established angiogenic factors, suggesting either
that the levels of these factors are inadequate in the absence of Shh or that a different set of factors may be
more essential to choroid plexus outgrowth. Transducing the Shh signal is a perivascular cell—the pericyte—
rather than the more integral vascular endothelial cell itself. Moreover, our ﬁndings suggest that hindbrain
choroid plexus endothelial cells, as compared to other vascular endothelial cells, are more dependent upon
pericytes for instruction. Thus, in addition to Shh acting on the progenitor pool for choroid plexus epithelial
cells, as previously shown, it also acts on choroid plexus pericytes, and together serves the important role of
coordinating the development of two disparate yet functionally dependent structures—the choroid plexus
vasculature and its ensheathing epithelium.(S.M. Dymecki).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Tight apposition of a highly metabolic epithelium and an intricate
vasculature is essential for the functioning of many vital tissues.
Examples include the brain choroid plexi, which are ventricular organs
specialized for producing and detoxifying cerebrospinal ﬂuid (CSF);
the lung, for blood cell gas exchange; and retinal pigmented epithe-
liumwith its underlying choriocapillarus for nourishing retinal cells. In
each case, the epithelium and vasculature maximize and compact a
large surface area for exchange by assuming convolutions in which
epithelial villi surround each of numerous capillary plexi (Figs. 1A–E).
Organ function, in these examples, demands that constituent epithe-
lium and vasculature develop coordinately so that expansion of the
epithelium occurs in concert with, and can properly ensheathe and
communicate with, the growing vasculature. Adding complexity is
that distinct cell lineages separately contribute the epithelial and
vascular components; thus, separate progenitor cell populations
must be coordinated. Underlying mechanisms are just beginning to
be understood.
Evident through studies of lung development is that epithelial
and vascular elaborations occur in register so that the two tissue
surface areas keep pace and functionally couple to enable respiration(Galambos et al., 2002; Jakkula et al., 2000; Loscertales et al.,
2008; McGrath-Morrow et al., 2005; Schwarz et al., 2004; Warburton
et al., 2000). Mechanisms enacted by the lung to regulate this
interdependent development involve Shh, ﬁbroblast growth factor
(Fgf)-9, and vascular endothelial growth factor (Vegf)-A, each
secreted by lung epithelium and promoting vascular development
adjacently (White et al., 2007). Factors from this adjacent lung
mesenchyme then commensurately provide local expansion signals
back to the mitotic epithelium to expand in situ and ensheathe the
growing vasculature (del Moral et al., 2006; van Tuyl et al., 2007;
Yamamoto et al., 2007). Much less is known about mechanisms
coordinating cell lineages during choroid plexus development. It is
clear that a highly branched and extensive vascular bed, comprised of
endothelial cells harboring fenestrations for high permeability, must
be tightly ensheathed by an epithelium—the choroid plexus epithe-
lium (CPe)—that is capable of high-rate CSF production (Figs. 1A–E).
Thus the production of vascular endothelial cells and CPe must be
tightly coordinated. Here the choroid plexus is particularly challenged
because CPe cells, being nonmitotic, are not equipped to proliferate
in situ in response to signals from the underlying and growing
vasculature (Hunter and Dymecki, 2007; Knudsen, 1964). Instead of
proliferating locally at sites of vascular expansion, new CPe cells must
be produced by a progenitor zone situated at a relative distance—that
region of dorsal hindbrain neuroectoderm (Fig. 1D) demarcated by
expression of the transcription factor Lmx1a and the secreted factor
Gdf7 (Awatramani et al., 2003; Chizhikov et al., 2006; Huang et al.,
Fig. 1. Evidence for Hh signaling during hindbrain choroid plexus (hCP) development. hCP as seen en masse (A) and by section (B, D, E). ShhmRNA is apparent in hCPe from ∼E12 to
14.5 (F–H) but diminished by ∼E15.5–16.5 (I). (J) Ptc1 mRNA is apparent in CPm at E14.5. (K) Xgal stain reveals CPm cells express Ptc1lacZ.
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standing how vascular endothelial cells and CPe progenitors are
regulated to achieve coordinated development is a burgeoning ﬁeld
and our focus here.
During embryogenesis, hindbrain CPe expresses the Shh gene
(Awatramani et al., 2003; Bitgood and McMahon, 1995; Huang et al.,
2009; Lewis et al., 2004), ﬁrst in patches associated with CPe that has
begun to differentiate into an invaginating cuboidal epithelium
(Fig. 1F). Two topographically separate hindbrain territories have
been proposed to harbor cells that respond to this CPe-produced Shh
and which act to coordinate choroid plexus development. One terri-
tory is the choroid plexus mesenchyme (CPm) lying immediately
underneath the Shh-expressing CPe (Tannahill et al., 2005); the other
is the more distant CPe progenitor pool (Huang et al., 2009). Here we
examine the former (largely uncharacterized) territory, ﬁrst by
identifying which cell type within the CPm responds directly to Shh,
and second by determining the consequences to this mesenchyme
following CPe-speciﬁc deletion of Shh. Collectively, our work demon-
strates that in the hindbrain, CPe-produced Shh induces the extensive
vascular outgrowths and vascular surface area fundamental to choroid
plexus functions but not the more specialized vascular features of
fenestrations and bore size. Our ﬁndings also suggest that Shh-
dependent vascular outgrowths may either require angiogenic factorsother than Vegf and the Angiopoietins or that the levels of these
angiogenic factors are inadequate to induce or sustain these vascular
outgrowths in the absence of Shh. Transducing the Shh signal appears
to be the pericyte, a perivascular cell, rather than the more integral
vascular endothelial cell itself. Given that endothelial cells in other
tissues are capable of transducing Hh signals (Passman et al., 2008;
Vokes et al., 2004), our ﬁndings suggest that CPm endothelial cells
reside in a category more dependent upon pericytes for instruction.
Thus, Shh appears to coordinate the development of vascular (CPm)
and epithelial (CPe) cell lineages of the hindbrain choroid plexus
in part through regulating actions of the pericyte. Identiﬁcation of
the pericyte as the Hh-transducing cell type within the CPm expands
the current model of hindbrain choroid plexus development. By
delineating the speciﬁc Hh-responsive cell populations in the dorsal
hindbrain, this work opens an avenue by which to delineate their
relative contributions during choroid plexus development.
Materials and methods
Mouse strains include: Shhcre-gfp (Harfe et al., 2004); R26R (Soriano,
1999); Ptc1lacZ (Goodrich et al., 1997); Tie2-cre (Kisanuki et al., 2001);
RC::PFwe (Farago et al., 2006); RC::ePE (Seri and Dymecki, unpublished;
cre-responsive eGFP indicator); SmoM2-YFPﬂox (Jeong et al., 2004);
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(Miquerol et al., 1999).
Histological staining involved ﬁxing tissue (4% paraformaldehyde)
and processing for parafﬁn embedding. 6 µm sections were collected
and stained using hematoxylin and eosin (Bancroft and Stevens, 1990).
mRNA in situ hybridization (ISH) and βgal detection
Antisense riboprobes against Shh, Ihh, Dhh, Ptc1, Gli1, Msx1
(C. Tabin); Ttr (C. Walsh; IMAGE ID1078224); and Otx2 (C. Cepko)
were employed. Tissue was processed for ISH (14 µm sections) as
described (Hunter et al., 2005). Forβgal detection, tissuewas prepared
as above but ﬁxed in 2% paraformaldehyde. Xgal on 14–30 µm sections
was performed as described (Rodriguez and Dymecki, 2000).
Immunodetection
Fixed tissue was blocked in 0.5% goat or donkey serum/0.1%Triton
X-100/PBS, incubated overnight at 4 °C with: rabbit anti-Otx2
(Chemicon, 1:1000); rabbit anti-MafB (Bethyl, 1:500); rabbit anti-NG2
(W. Stallcup, Burnham Institute, 1:1000); chicken anti-GFP (Abcam,
1:4000); rabbit anti-GFP (Invitrogen 1:4000); and goat anti-βgal
(Serotec, 1:2000). Fresh-frozen tissue was post-ﬁxed in 1% parafor-
maldehyde, RT for mouse anti-Ki-67 (BD Pharmingen, 1:500) or
methanol at −20 °C for rabbit anti-cleaved caspase-3 (Cell Signaling,
1:500) and biotinylated mouse anti-Pecam1 (BD Pharmingen, 1:200).
CyX-secondary antibodies (Jackson ImmunoResearch, 1:500) andAlexa-
streptavidin conjugates (Invitrogen, 1:500) were used. Sections were
brieﬂy immersed in 1 µg/mL DAPI (Sigma)/PBS, mounted (AquaPoly/
Mount, Polysciences), and imaged using True-Confocal-Scanner-TCS-
SP2 (Leica).
Fluorescein-BSL-1
Pregnant dams were anesthetized (1.25% Avertin; Sigma), and
10 µg/mL ﬂuorescein-labeled BSL I (Vector Labs) in 10 mM HEPES/
0.75 M NaCl, pH 7.5 delivered transcardially to embryos. Tissue was
immersed in DAPI or subject to Otx2 immunodetection and imaged.
Electron microscopy
Tissue was ﬁxed in 2% paraformaldehyde/2% gluteraldehyde/
0.1 M sodium cacodylate buffer, pH 7.4, overnight at 4 °C, rinsed in
0.1 M sodium cacodylate, post-ﬁxed in 1% osmiumtetroxide/1.5%
potassium ferrocyanide for 2 h, washed in water, stained in 1%
aqueous uranyl-acetate for 1 h, dehydrated in ethanol, washed in
propyleneoxide for 1 h, inﬁltrated with propyleneoxide/Epon over-
night, and embedded in TAAB Epon (Marivac Canada). Ultrathin
sections, 60–80 nm, were cut using a Reichert Ultracut-S microtome,
placed onto copper grids, and stained with 0.2% lead-citrate. Imaging
involved a Tecnai™-G2-Spirit-Biotwin and AMT2k-CCD camera.
RT-PCR
Choroid plexi were stored in RNAlater (Ambion) and pooled by
genotype. RNA was isolated using TRIzol (Invitrogen); cDNA was gen-
erated using the Transcriptor First Strand cDNA Synthesis Kit (Roche).
Primer sequences are listed in Table S1. Negative (inverse color) images
of RT-PCR results are presented as they offer improved visualization.
Cell counts
Alternate sections were imaged; every cell in the ﬁeld counted.
Student's paired t-test performed on mean; error bars—standard
deviation.Results and discussion
Pericytes but not endothelial cells in the hindbrain CPm express Ptc1,
a transcriptional target of the Hedgehog pathway
Toward determining which CPm cell type responds directly to Shh,
we established the most suitable temporal window for investigation
by re-examining Hh expression in the dorsal hindbrain.We conﬁrmed
Shh expression in hindbrain CPe from ∼E12 to ∼E14.5 (Figs. 1F–H).
Hh family members Desert hedgehog and Indian hedgehog were
not detectable in any CPe, whether in the hindbrain, lateral or third
ventricles (Figs. S1A–F). Others report Shh transcripts persisting in
the hindbrain CPe through ∼E18.5 (Huang et al., 2009); however,
we were unable to detect Shh mRNA in CPe beyond E15 (Fig. 1I).
Expression onset at ∼E12 in hindbrain CPe was further corroborated
by βgal expression in double transgenic Shhcre-gfp (Harfe et al., 2004);
R26R (Soriano, 1999) mice (Fig. S1I); as expected, expression was not
seen in forebrain ormidbrain CPe (Figs. S1K–L). Given this, we utilized
E12–E14.5 hindbrain CPm in subsequent studies.
To determine which CPm cell type responds directly to Shh, we
assayed for expression of the Patched1 (Ptc1) gene, a transcriptional
target of and therefore read-out for Hh signaling (McMahon et al.,
2003). Detection of Ptc1 mRNA in hindbrain tissue (Fig. 1J) or nβgal
activity in Ptc1lacZ (Goodrich et al., 1997) heterozygotes (Fig. 1K)
conﬁrmed an abundant Shh-responsive population in the hindbrain
CPm beginning at ∼E12 (Fig. S2D, (Tannahill et al., 2005; Huang et al.,
2009)). Lack of nβgal+ cells in forebrain or midbrain CPm (Figs. S1M,
N) suggests that Hh signaling in choroid plexi is restricted to the
hindbrain. The main CPm constituents are endothelial cells and
pericytes; scarce dendritic cells and poorly described ﬁbroblasts are
thought also to be present but at very low abundance (Emerich et al.,
2005). Based on the high abundance of Ptc1lacZ-expressing cells in the
CPm, we asked whether they expressed pericyte or endothelial
markers (Fig. 2). Most, if not all, Ptc1lacZ-expressing cells in the E14.5
CPm co-expressed the pericyte antigen NG2 (Ozerdem and Stallcup,
2003) (Fig. 2A). By contrast, the endothelial cell marker Pecam1/CD31
appeared to mark a population separate from but nearby the βgal+
population (Fig. 2C). Similarly, in triple transgenic Tie2-cre;RC::ePE
(Cre-responsive GFP reporter);Ptc1lacZ animals, endothelial cells (Tie2-
cre-expressing cells) marked by GFP appeared distinct from Ptc1lacZ-
expressing nβgal+ cells (Fig. 2D). These ﬁndings suggest that Ptc1-
expressing cells in hindbrain CPm are pericytes. Indeed, this was
further supported by electron microscopy (EM) ﬁndings using CPm
from Ptc1lacZ heterozygotes. Pericytes are readily identiﬁable (Soriano,
1994) and distinguishable from other stromal and vascular elements
by EM, and Xgal precipitate, for example indicative of βgal activity
driven from the Ptc1lacZ allele, is readily discernable (Herrera et al.,
1999). CPm cells harboring Xgal precipitate indeed exhibited pericyte
morphology, having processes that enwrap capillary-forming endo-
thelial cells (Figs. 2E, F).
Further, we observed that Ptc1lacZ-expressing cells also expressed
the transcription factor MafB (Kreisler) (Cordes and Barsh, 1994)
(Fig. 2G). This not only deﬁned this class of pericyte further, but
allowed us to use MafB as a proxy for Ptc1-expressing CPm cells,
which offered certain technical advantages. For example, endothelial
cells marked by nβgal (resulting from Tie2-cre activation of the
nβgal indicator allele RC::PFwe (Farago et al., 2006)), showed no
detectable MafB (Fig. 2H) and thus presumably no Ptc1. Collectively,
these ﬁndings support a model in which the Shh-responsive cells in
hindbrain CPm are NG2+, MafB+ pericytes.
Interestingly, at∼E12.5 only a subset of the Ptc1lacZ-expressing cells
were NG2+ (Fig. 2B). Given that Shh transcripts (Fig. 1) and protein
(Huang et al., 2009) are ﬁrst discernable in CPe at ∼E12, it is possible
that by ∼E12.5 many of the Shh-responsive cells have yet to differen-
tiate to the point of NG2 expression. Alternatively, it is possible that the
nβgal+, NG2-negative cells present at E12.5 represent a distinct yet
Fig. 2. Pericytes, and not endothelial cells, respond directly to CPe-produced Shh.
(A–B) Co-localization of nβgal (Ptc1lacZ) andmembrane-localized NG2, a pericytemarker,
in E12.5 and E14.5 CPm. (C–D) Endothelial cells and Ptc1lacZ cells represent separate CPm
cell populations. (E) Xgal precipitate in Ptc1lacZ CPm as visualized by EM. Schematized in
(F); endothelial cell, EC; red blood cell, RBC. (G–H) Co-immunolocalization of βgal
(Ptc1lacZ) and MafB but not of endothelial cells and MafB.
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not all βgal+ cells appear NG2+).
Removal of Shh from hindbrain CPe results in a rudimentary choroid
plexus with stunted vasculature
To determine the consequences to CPm following selective loss
of CPe-produced Shh, we characterized embryos and postnatal mice
(Gdf7cre;Shhﬂox/Shhﬂox animals, here referred to as conditional
knockout (CKO) animals) that lacked functional Shh alleles speciﬁ-
cally in the CPe lineage. To attain speciﬁcity in this lineage, we used
Gdf7cre (Lee et al., 2000), because the Gdf7 gene is transcribed by CPe
progenitors and mature CPe cells and is thus a suitable driver (Currle
et al., 2005; Landsberg et al., 2005; Hunter and Dymecki, 2007). CKO
embryos were devoid of CPe-produced Shh mRNA at all stages
(Fig. S2), indicating efﬁcient Cre-mediated removal of the ﬂoxed
Shh gene sequences (Dassule et al., 2000; Lewis et al., 2001) when
partnered with Gdf7cre. By contrast, Shh transcripts were readily
detectable in all non-Gdf7-expressing territories such as hindbrain ﬂoor
plate (Fig. S2), verifying the speciﬁcity of Shhﬂox deletion. Commensurate
with loss of CPe-produced Shh was loss of Ptc1 transcripts from CPm of
CKO animals (Fig. S2), further indicating effective loss of CPe-producedShh. This loss of Ptc1 transcripts also served to identify CPe as the critical
source of Shh for the CPm, as opposed to the ﬂoor plate or ventral
midbrain/isthmus territories. Loss of Shh and Ptc1 transcripts were
conﬁrmedby reverse transcriptase (RT)-PCRusing cDNAgenerated from
harvested choroid plexi (Fig. S2).
CKO animals harbored a stunted, rudimentary hindbrain choroid
plexus as compared to control littermates (Figs. 3A–D). The volumi-
nous folds and villus outgrowths characteristic of wild-type choroid
plexi were severely reduced. The CPm vasculature was correspond-
ingly attenuated. Transcardial perfusion with ﬂuorescein-labeled
Griffonia-Bandeiraea simplicifolia lectin-1 (BSL-1)—a reagent that
stably labels the luminal surface of vascular endothelial cells—allowed
for visualization of CPm vasculature en masse. The CPm vascular
branches extending from the central vascular stalk were greatly
reduced in length in CKO tissue as compared to controls (Figs. 3E, F).
Vessel bore size, though, appeared unaffected (data not shown)—a
parameter worth investigating given that exogenous Shh induces
neovasculature of wider bore than controls (Pola et al., 2001). Another
feature of CPm vasculature is capillary fenestrations (Dohrmann,
1970)—thin diaphragms within capillary walls that permit enhanced
transfer kinetics between blood and CPe. Vascular fenestrations were
indeed identiﬁed in electronmicrographs of adult CKO tissue (Fig. S3),
although features such as fenestration size and distribution may be
mildly aberrant. At E14.5, neither control nor CKO choroid plexi
yet showed fenestrations (data not shown). Together these ﬁndings
indicate that acquisitionof fenestrations is a later developmental event
largely independent of CPe-produced Shh.
While a rudimentary structure, the CKO choroid plexus harbored
the major constituent cell types, including vascular endothelial cells,
pericytes, and CPe cells (Figs. 3C, D, G, H). Lateral and third ventricle
choroid plexi from CKO animals appeared indistinguishable from
controls (data not shown), as was predicted given that Shh is not
normally expressed in these structures (Figs. S1G, H).
Because Shh activity can inﬂuence cell proliferation and survival
(Agarwala et al., 2001; Echelard et al., 1993; Garcia-Lecea et al., 2008;
Litingtung et al., 1998), we explored the proliferative capacity of CPm
cells and cell death following loss of CPe-produced Shh. CKO CPm
harbored ∼45% fewer cells overall (number of DAPI-positive nuclei in
the CPm; data not shown) with a similar reduction in the number of
proliferative cells as measured by the cell cycle antigen Ki-67 (Fig. 3I,
left); however, the percentage of Ki-67+/DAPI+ cells was unaffected
(Fig. 3I, right). Immunodetection of cleaved caspase-3 for apoptotic
cells revealed no differences between CKO and control choroid plexi;
nor did TUNEL assays (data not shown). H&E stained tissue revealed
no evidence of necrotic cell death.
Distinctions of choroid plexus endothelial cells
Our ﬁndings suggest a model in which CPe-produced Shh, sig-
naling directly to CPm pericytes, induces CPm cell proliferation and
vascular outgrowth, the latter by way of endothelial cell proliferation
and/or cell shape remodeling. Given that endothelial cells in other
organ systems have been reported to undergo angiogenesis in
direct response to Shh (Passman et al., 2008; Vokes et al., 2004),
we considered whether hindbrain CPm endothelial cells had such
competence, notwithstanding their lack of Ptc1 expression under
physiological conditions (Fig. 2). Lack of such competence would
characterize further the endothelial cell subtype present in the CPm
and would further support a model in which pericytes are the critical
Shh-responder. We expressed in endothelial cells the constitutively
active form of Smoothened (SmoM2 (Jeong et al., 2004; Xie et al.,
1998))—Smo being a cell-autonomous mediator of Hh signaling. The
Tie2-cre;SmoM2-YFPﬂox/+ genotype was lethal embryonically
(∼E16.5) with various defects and vascular abnormalities (Figs. 3N,
O). The hindbrain choroid plexus, however, appeared indistinguish-
able morphologically from single transgenic littermate controls
Fig. 3. Effects on CPm vasculature and distinctions of CPm endothelial cells. Shh-deﬁcient hCP (A–D) and its vasculature (E–F) are substantially reduced; however, all cell types
are present (C, D, G, H). (I) CPm cell proliferation is reduced in CKO mice (n=4, *pb0.05, **pb0.01). (J–K) H&E stain of control and activated-smoothened hCP tissue. (L–M) Co-
immunodetection of Pecam1 and SmoM2-YFP. (N–O) Embryonic effects of endothelial cell-speciﬁc Smoothened activation versus control. VegflacZ is expressed in control (P) and CKO
hCPe (Q). (R) RT-PCR reveals Vegfa isoforms, Angiopoietin-1, Angiopoietin-2, Tie-1, Tie-2, VE-cadherin, and gapdh (control) in control and CKO hCP. Top row, 1 kb ladder corresponds to
gapdh, Vegf164 panels; 100 bp ladder corresponds to Vegf188, Vegf120 panels. Bottom row, combined 1 kb/100 bp ladder corresponds to Ang-1, Ang-2, Tie-1, Tie-2, VE-cadherin panels.
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Tie2-cre;SmoM2-YFPﬂox/+ animals. Tie2 driven Cre activity was robust
and speciﬁc to endothelial cells as indicated by SmoM2-YFP co-localization with Pecam1 (Figs. 3L, M). Collectively, these ﬁndings are
consistentwithCPmendothelial cells lacking the inherent competence
to respond via proliferation to Hh signaling under conditions of
435C.M. Nielsen, S.M. Dymecki / Developmental Biology 340 (2010) 430–437intrinsic constitutive Smo activity, and thus argue further that Shh
responsiveness in the CPm is a job reserved for the pericyte, not the
endothelial cell. Moreover these ﬁndings distinguish CPm endothelial
cells from endothelial cells elsewhere in the embryo, perhaps placing
CPm endothelial cells in a category more dependent upon instruction
from pericytes.
Given the attenuation of CPm vasculature in CKO animals, and that
pro-angiogenic factors, including Vegf and Angiopoietin-1 (Ang-1),
have been proposed to lie downstream of Shh during certain angio-
genic events (Lawson et al., 2002; Nagase et al., 2005; Pola et al.,
2001), we investigated angiogenic gene expression. Using VegflacZ
heterozygotes (Miquerol et al., 1999), we ﬁrst conﬁrmed that the Vegf
gene is expressed in CPe cells (Fig. 3P). Next we analyzed ∼E14.5 CKO
animals carrying the VegflacZ allele and found that animals deﬁcient in
CPe-produced Shh expressed lacZ from the Vegf locus (Fig. 3Q)—there
were of course fewer CPe cells but those present exhibited βgal
activity. This indicates a Shh-independent component of Vegf
expression. Moreover, should there exist a Shh-dependent compo-
nent, it would be indirect given that CPe cells (the source of Vegf) do
not themselves respond directly to Shh (they are negative for Ptc1
mRNA). Transcripts for the three predominant Vegf isoforms, as well
as the angiogenic genes Ang-1, Ang-2, Tie-1, Tie-2, and VE-cadherin
were present in both CKO and wild-type choroid plexi (Fig. 3R). Thus,
expression of these pro-angiogenic genes by the hindbrain choroid
plexus, at least to some detectable level, does not require CPe-
produced Shh. Further supporting Shh-independent expression is the
ﬁnding that in straight VegflacZ heterozygotes, βgal activity was
observed in incipient hindbrain CPe cells at ∼E11.5, prior to the onset
of Shh production by CPe, and through E17.5, by which time Shh
production by the CPe is diminished (Figs. S4A, B). Because CPm
vascular defects associated with Shh loss occur despite expression of
this gene cohort with the angiogenic properties of their encoded
products, we propose either that critical expression levels of this
gene cohort are indeed Shh-dependent and required for vascular
outgrowth or that other factors may be essential to drive these Shh-
dependent vascular elaborations. For example, it is possible that these
speciﬁc angiogenic genes require Shh for augmented (not absolute)
expression and subsequent angiogenic effects in the hindbrain choroid
plexus.Fig. 4. Fewer CPe cells produced in parallel with attenuated vasculature. (A) Quan-
tiﬁcation of total hCPe cells at E16.5 in control versus CKO animals (n=4, **pb0.005).
(B–C) Electron micrographs from adult control versus CKO hCP. Msx1 mRNA (D–E) is
reduced in CKO versus control hCPe, while Otx2 mRNA (F–G) is unaffected.Coordinated attenuation: less vasculature expansion, fewer CPe
cells produced
Along with the reduction in vasculature and mesenchymal
constituents in the CKO choroid plexus, we found a commensurate
reduction in hindbrain CPe cells (Fig. 4A), validating recent ﬁndings
(Huang et al., 2009) that show a reduced rate of CPe production by the
Lmx1a-portion of the rhombic lip following loss of CPe-produced Shh.
While indeed reduced in number, we found that CKO CPe cells
were otherwise indistinguishable morphologically from controls with
respect to cell size, shape, and packing density (Figs. 4B, C). CKO CPe
cells did, however, exhibit some abnormalities; for example, a reduc-
tion in detectableMsx1 transcripts was observed (Figs. 4D, E). Because
Msx1 is frequently a transcriptional target of signaling triggered by
bone morphogenetic proteins (Bmps), this ﬁnding raises the possibil-
ity that Bmp signaling in the CPe is defective in the absence of CPe-
produced Shh.WhileBmp4 expressionhas been reported as unaffected
following loss of CPe-produced Shh (Huang et al., 2009), it is possible
that other signaling events or other Bmp-interacting factors them-
selves are affected in the CKO choroid plexus leading to compromised
Msx gene expression in the CPe. This would likely be a secondary effect
given that mature CPe cells themselves do not appear to respond
directly to Shh (Fig. 1; Tannahill et al., 2005; Huang et al., 2009). Future
experiments will investigate a link between Hh and Bmp signaling
during hindbrain choroid plexus development.Collectively, this work demonstrates that in the hindbrain, CPe-
produced Shh induces the extensive vascular outgrowths and
surface area fundamental to choroid plexus functions, but does
not induce the more specialized vascular features like fenestrations
and bore size. Further, our ﬁndings suggest that the Shh-dependent
vascular outgrowths likely require tightly-regulated levels of
angiogenic genes and/or require angiogenic factors other than
Vegf and Angiopoietins. We have reported, for the ﬁrst time, the
pericyte as the cell type transducing Hh signaling in the CPm—this
follows on a recent report deﬁning a novel Hh-responsive CPe
progenitor domain continuous with the hindbrain rhombic lip
(Huang et al., 2009). Together, these data highlight Hh signaling as
a mechanism by which epithelial (CPe) and vascular endothelial
(CPm) cell lineages are coordinately regulated in the developing
hindbrain choroid plexus. As modeled in Fig. 5A, Shh produced by
the hindbrain CPe signals directly (solid blue arrows) to pericytes
within the CPm (this report) and to CPe progenitor cells of the
rhombic lip (white asterisk; Huang et al., 2009). Subsequently, Hh
signaling may invoke unknown factors from pericytes and indirectly
Fig. 5. Hh signaling coordinates and regulates epithelial–vascular co-development in the hindbrain choroid plexus. (A) Schematic of hindbrain choroid plexus development: CPe-
produced Shh signals directly to CPm pericytes (Fig. 2) and to hCPe progenitors (white asterisk, Huang et al., 2009) and is required for vascular outgrowth and for commensurate CPe
cell production. Unidentiﬁed factors from the pericyte and/or from the CPe progenitor domain may be involved indirectly in mediating these processes. Solid blue arrows, direct
signaling; dashed green arrows, indirect or unknown mechanism(s) via the pericyte; dashed gray arrows, indirect or unknown mechanism(s) via the CPe progenitor domain. (B) In
the absence of CPe-produced Shh, vascular outgrowth is stunted and CPe cell production is diminished in parallel.
436 C.M. Nielsen, S.M. Dymecki / Developmental Biology 340 (2010) 430–437(dashed green arrows) affect angiogenesis, production of CPe cells
by the rhombic lip, and/or properties of mature CPe cells. Also
possible is that Hh signaling via the CPe progenitor domain
indirectly affects these aspects of hindbrain choroid plexus
development (dashed gray arrows). In the absence of CPe-produced
Shh (Fig. 5B), Hh signaling via the pericyte and CPe progenitor pool
is blocked, vascular outgrowth is stunted, and CPe cell production
by the rhombic lip is diminished. With the identiﬁcation of the CPm
pericyte as the second Hh-responsive population within the dorsal
hindbrain (the ﬁrst being the CPe progenitor domain of the rhombic
lip) (Huang et al., 2009), and as pericyte-speciﬁc driver
lines become available, it will be informative to disrupt Hh signaling
in pericytes and to delineate the contributions of the separate cell
lineages (pericyte versus CPe progenitor domain) during choroid
plexus development—in other words, what relative contribution
does Shh signaling via pericytes make toward vascular outgrowth
and CPe cell production, versus that via CPe progenitors. Further, we
have shown that CPm endothelial cells do not appear capable of
transducing the Hh signal. This contrasts the apparent capabilities of
endothelial cells in other tissues and thus suggests that CPm endo-
thelial cells reside in a category more dependent upon neighboring
pericytes. These ﬁndings expand our understanding of pericyte
functions, in general, and choroid plexus development, in particular,
and have implications for other tissues in which epithelial–vascular
co-development is essential. Evolutionary signiﬁcance is also
suggested because choroid plexus expansion provides a capacity
to meet greater brain metabolic demands through enhanced
production and detoxiﬁcation of CSF (and the growth factors,
hormones, and metabolites it contains), possibly an important
permissive step for nervous system enlargement and gains in circuit
complexities.
Acknowledgments
We thank Dymecki lab members for input, as well the many
investigators who supplied reagents.
C.M.N. is recipient of fellowship NIH-F31-NS058103; S.M.D., NIH-
R01HD051936 in support of this work.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2010.01.032.References
Agarwala, S., Sanders, T.A., Ragsdale, C.W., 2001. Sonic hedgehog control of size and
shape in midbrain pattern formation. Science 291, 2147–2150.
Awatramani, R., Soriano, P., Rodriguez, C., Mai, J.J., Dymecki, S.M., 2003. Cryptic
boundaries in roof plate and choroid plexus identiﬁed by intersectional gene
activation. Nat. Genet. 35, 70–75.
Bancroft, J.D., Stevens, A., 1990. Theory and Practice of Histotechnology. Churchill
Livingstone, New York.
Bitgood, M.J., McMahon, A.P., 1995. Hedgehog and Bmp genes are coexpressed at many
diverse sites of cell–cell interaction in the mouse embryo. Dev. Biol. 172, 126–138.
Chizhikov, V.V., Lindgren, A.G., Currle, D.S., Rose, M.F., Monuki, E.S., Millen, K.J., 2006.
The roof plate regulates cerebellar cell-type speciﬁcation and proliferation.
Development 133, 2793–2804.
Cordes, S.P., Barsh, G.S., 1994. The mouse segmentation gene kr encodes a novel basic
domain-leucine zipper transcription factor. Cell 79, 1025–1034.
Currle, D.S., Cheng, X., Hsu, C.M., Monuki, E.S., 2005. Direct and indirect roles of CNS dorsal
midline cells in choroid plexus epithelia formation. Development 132, 3549–3559.
Dassule, H.R., Lewis, P., Bei, M., Maas, R., McMahon, A.P., 2000. Sonic hedgehog regulates
growth and morphogenesis of the tooth. Development 127, 4775–4785.
del Moral, P.M., De Langhe, S.P., Sala, F.G., Veltmaat, J.M., Tefft, D., Wang, K., Warburton,
D., Bellusci, S., 2006. Differential role of FGF9 on epithelium and mesenchyme in
mouse embryonic lung. Dev. Biol. 293, 77–89.
Dohrmann, G.J., 1970. The choroid plexus: a historical review. Brain Res. 18, 197–218.
Echelard, Y., Epstein, D.J., St-Jacques, B., Shen, L., Mohler, J., McMahon, J.A., McMahon,
A.P., 1993. Sonic hedgehog, a member of a family of putative signaling molecules,
is implicated in the regulation of CNS polarity. Cell 75, 1417–1430.
Emerich, D.F., Skinner, S.J., Borlongan, C.V., Vasconcellos, A.V., Thanos, C.G., 2005. The
choroid plexus in the rise, fall and repair of the brain. Bioessays 27, 262–274.
Farago, A.F., Awatramani, R.B., Dymecki, S.M., 2006. Assembly of the brainstem cochlear
nuclear complex is revealed by intersectional and subtractive genetic fate maps.
Neuron 50, 205–218.
Galambos, C., Ng, Y.S., Ali, A., Noguchi, A., Lovejoy, S., D'Amore, P.A., DeMello, D.E., 2002.
Defective pulmonary development in the absence of heparin-binding vascular
endothelial growth factor isoforms. Am. J. Respir. Cell Mol. Biol. 27, 194–203.
Garcia-Lecea, M., Kondrychyn, I., Fong, S.H., Ye, Z.R., Korzh, V., 2008. In vivo analysis of
choroid plexus morphogenesis in zebraﬁsh. PLoS ONE 3, e3090.
Goodrich, L.V., Milenkovic, L., Higgins, K.M., Scott, M.P., 1997. Altered neural cell fates
and medulloblastoma in mouse patched mutants. Science 277, 1109–1113.
Harfe, B.D., Scherz, P.J., Nissim, S., Tian, H., McMahon, A.P., Tabin, C.J., 2004. Evidence for
an expansion-based temporal Shh gradient in specifying vertebrate digit identities.
Cell 118, 517–528.
437C.M. Nielsen, S.M. Dymecki / Developmental Biology 340 (2010) 430–437Herrera,D.G.,Garcia-Verdugo, J.M.,Alvarez-Buylla,A.,1999.Adult-derivedneuralprecursors
transplanted into multiple regions in the adult brain. Ann. Neurol. 46, 867–877.
Huang, X., Ketova, T., Fleming, J.T., Wang, H., Dey, S.K., Litingtung, Y., Chiang, C., 2009.
Sonic hedgehog signaling regulates a novel epithelial progenitor domain of the
hindbrain choroid plexus. Development 136, 2535–2543.
Hunter, N.L., Dymecki, S.M., 2007. Molecularly and temporally separable lineages form
the hindbrain roof plate and contribute differentially to the choroid plexus.
Development 134, 3449–3460.
Hunter, N.L., Awatramani, R.B., Farley, F.W., Dymecki, S.M., 2005. Ligand-activated Flpe
for temporally regulated gene modiﬁcations. Genesis 41, 99–109.
Jakkula, M., Le Cras, T.D., Gebb, S., Hirth, K.P., Tuder, R.M., Voelkel, N.F., Abman, S.H.,
2000. Inhibition of angiogenesis decreases alveolarization in the developing rat
lung. Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L600–L607.
Jeong, J., Mao, J., Tenzen, T., Kottmann, A.H., McMahon, A.P., 2004. Hedgehog signaling
in the neural crest cells regulates the patterning and growth of facial primordia.
Genes Dev. 18, 937–951.
Kisanuki, Y.Y., Hammer, R.E., Miyazaki, J., Williams, S.C., Richardson, J.A., Yanagisawa,
M., 2001. Tie2-Cre transgenic mice: a new model for endothelial cell-lineage
analysis in vivo. Dev. Biol. 230, 230–242.
Knudsen, P.A., 1964. Mode of growth of the choroid plexus in mouse embryos. Acta
Anat. (Basel) 57, 172–182.
Landsberg, R.L., Awatramani, R.B., Hunter, N.L., Farago, A.F., DiPietrantonio, H.J.,
Rodriguez, C.I., Dymecki, S.M., 2005. Hindbrain rhombic lip is comprised of discrete
progenitor cell populations allocated by Pax6. Neuron 48, 933–947.
Lawson, N.D., Vogel, A.M., Weinstein, B.M., 2002. Sonic hedgehog and vascular
endothelial growth factor act upstream of the Notch pathway during arterial
endothelial differentiation. Dev. Cell 3, 127–136.
Lee, K.J., Dietrich, P., Jessell, T.M., 2000. Genetic ablation reveals that the roof plate is
essential for dorsal interneuron speciﬁcation. Nature 403, 734–740.
Lewis, P.M., Dunn, M.P., McMahon, J.A., Logan, M., Martin, J.F., St-Jacques, B.,
McMahon, A.P., 2001. Cholesterol modiﬁcation of sonic hedgehog is required for
long-range signaling activity and effective modulation of signaling by Ptc1. Cell
105, 599–612.
Lewis, P.M., Gritli-Linde, A., Smeyne, R., Kottmann, A., McMahon, A.P., 2004. Sonic
hedgehog signaling is required for expansion of granule neuron precursors and
patterning of the mouse cerebellum. Dev. Biol. 270, 393–410.
Litingtung, Y., Lei, L., Westphal, H., Chiang, C., 1998. Sonic hedgehog is essential to foregut
development. Nat. Genet. 20, 58–61.
Loscertales, M., Mikels, A.J., Hu, J.K., Donahoe, P.K., Roberts, D.J., 2008. Chick pulmonary
Wnt5a directs airway and vascular tubulogenesis. Development 135, 1365–1376.
McGrath-Morrow, S.A., Cho, C., Cho, C., Zhen, L., Hicklin, D.J., Tuder, R.M., 2005. Vascular
endothelial growth factor receptor 2 blockade disrupts postnatal lung development.
Am. J. Respir. Cell Mol. Biol. 32, 420–427.McMahon, A.P., Ingham, P.W., Tabin, C.J., 2003. Developmental roles and clinical
signiﬁcance of hedgehog signaling. Curr. Top. Dev. Biol. 53, 1–114.
Miquerol, L., Gertsenstein, M., Harpal, K., Rossant, J., Nagy, A., 1999. Multiple develop-
mental roles of VEGF suggested by a LacZ-tagged allele. Dev. Biol. 212, 307–322.
Nagase, T., Nagase, M., Yoshimura, K., Fujita, T., Koshima, I., 2005. Angiogenesis within
the developing mouse neural tube is dependent on sonic hedgehog signaling:
possible roles of motor neurons. Genes Cells 10, 595–604.
Ozerdem, U., Stallcup, W.B., 2003. Early contribution of pericytes to angiogenic
sprouting and tube formation. Angiogenesis 6, 241–249.
Passman, J.N., Dong, X.R., Wu, S.P., Maguire, C.T., Hogan, K.A., Bautch, V.L., Majesky, M.W.,
2008. A sonic hedgehog signaling domain in the arterial adventitia supports resident
Sca1+ smooth muscle progenitor cells. Proc. Natl. Acad. Sci. U.S.A. 105, 9349–9354.
Pola, R., Ling, L.E., Silver, M., Corbley, M.J., Kearney, M., Pepinsky, R.B., Shapiro, R., Taylor,
F.R., Baker, D.P., Asahara, T., et al., 2001. Themorphogen Sonic hedgehog is an indirect
angiogenic agent upregulating two families of angiogenic growth factors. Nat. Med. 7,
706–711.
Rodriguez, C.I., Dymecki, S.M., 2000. Origin of the precerebellar system. Neuron 27,
475–486.
Schwarz, M.A., Wan, Z., Liu, J., Lee, M.K., 2004. Epithelial–mesenchymal interactions are
linked to neovascularization. Am. J. Respir. Cell Mol. Biol. 30, 784–792.
Soriano, P., 1994. Abnormal kidney development and hematological disorders in PDGF
beta-receptor mutant mice. Genes Dev. 8, 1888–1896.
Soriano, P., 1999. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat.
Genet. 21, 70–71.
Tannahill, D., Harris, L.W., Keynes, R., 2005. Role of morphogens in brain growth.
J. Neurobiol. 64, 367–375.
van Tuyl, M., Groenman, F., Wang, J., Kuliszewski, M., Liu, J., Tibboel, D., Post, M., 2007.
Angiogenic factors stimulate tubular branching morphogenesis of sonic hedgehog-
deﬁcient lungs. Dev. Biol. 303, 514–526.
Vokes, S.A., Yatskievych, T.A., Heimark, R.L., McMahon, J., McMahon, A.P., Antin, P.B.,
Krieg, P.A., 2004. Hedgehog signaling is essential for endothelial tube formation
during vasculogenesis. Development 131, 4371–4380.
Warburton, D., Schwarz, M., Tefft, D., Flores-Delgado, G., Anderson, K.D., Cardoso, W.V.,
2000. The molecular basis of lung morphogenesis. Mech. Dev. 92, 55–81.
White, A.C., Lavine, K.J., Ornitz, D.M., 2007. FGF9 and SHH regulate mesenchymal Vegfa
expression and development of the pulmonary capillary network. Development
134, 3743–3752.
Xie, J., Murone, M., Luoh, S.M., Ryan, A., Gu, Q., Zhang, C., Bonifas, J.M., Lam, C.W., Hynes,
M., Goddard, A., et al., 1998. Activating smoothened mutations in sporadic basal-
cell carcinoma. Nature 391, 90–92.
Yamamoto, H., Yun, E.J., Gerber, H.P., Ferrara, N.,Whitsett, J.A., Vu, T.H., 2007. Epithelial–
vascular cross talk mediated by VEGF-A and HGF signaling directs primary septae
formation during distal lung morphogenesis. Dev. Biol. 308, 44–53.
